Abstract-A new diagnostic method using both techniques of neutral beam probing and laser-induced fluorescence (LIF) is proposed to measure electron density (1011-1013 cm 3) and electron temperature (1-100 eV) of a boundary layer plasma in devices like tokamaks. The local electron density can be obtained by measuring the photon flux of the resonance line produced by electron impact excitation of an injected neutral Li-beam which is produced by laser-induced evaporation (LIE). The density of the neutral Li-beam which is necessary for the determination of the electron density is measured by LIF. The local electron temperature can be obtained by determining the attenuation of two neutral beams (Li, and Al or Ti) produced by LIE, of which the measurements are carried out by means of LIF. The applicability of this method to the TEXTOR tokamak is discussed in detail.
I. INTRODUCTION
CONTROLLED thermonuclear fusion research has progressed remarkably, as tokamaks take a leading part in it. One of the problems to be solved in order to operate tokamaks as a fusion reactor is the protection of the first wall from the large power loading and the control of impurities originating from the plasma-wall interaction. Plasma parameters in the boundary layer are very important for investigations related to this problem. So far, Langmuir probes have mainly been used for this purpose. The insertion of such probes into a plasma, however, causes serious disturbances to the plasma. For instance, the impurity transport is not yet completely understood due to poor information of the impurity behavior in the boundary layer, of which one reason is the inaccurate knowledge of the plasma parameters.
Neutral Li-beam probes at energies from thermal (attenuation method) to several kiloelectronvolts (emission method) have been developed and applied to measure electron density profiles of Nagoya Bumpy Torus (NBT) in which ne is of the order of 1011 cm-3 [1] , [2] . Energetic neutral metal beams (0.1-10 eV) produced by laser-induced evaporation (LIE) have been developed for the study of impurity behavior in tokamaks [3] , [4] , [5] . The laser-induced fluorescence (LIF) technique has been used to measure the density and the velocity distribution of metal atoms, the purpose of which is the study of the plasma-wall interaction in fusion research devices [6] , [7] .
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This technique was applied to measure, e.g., the density of Ti atoms in the ASDEX tokamak [8] and Al atoms in Elmo Bumpy Torus (EBT) [9] . During the course of these experiments, the electron temperature was estimated by measuring the attenuation of the sputtered atoms. The combined technique of LIE and LIF has been used to investigate the diffusion of Al atoms in plasmas [10] .
In this paper we propose a new method of measuring electron density (1011_1013 cm-3) and electron temperature (1- 100 eV) of plasmas in the boundary layer by means of the combined technique of slow neutral beam probes (l-l0-eV beams produced by LIE) and LIF. The principle of this method is described in Section II. The requirements for its application to the boundary layer plasmas are given in Sections III and IV. The accuracy of it and its applicability to the TEXTOR tokamak is discussed in Sections V and VI, respectively.
II. PRINCIPLE OF THE METHOD A. Measurement ofElectron Density
In the boundary layer, the dominant attenuation process of a metal-atom beam A injected at an energy below 1 keV is electron impact ionization A + e-*A~++2e.
The 
The locally emitted photon flux NVx(x), is given by the following formula: N x(x) = nA (x) ne(X) (UexV) Vb (4) (2) and then obtain the local electron temperature Te(x) by using an atomic beam for which the effective cross section for electron impact ionization is sensitive to Te (8] .
The accuracy of this method, however, is limited by that of ne(x) in addition to that of the ionization cross section.
When the attenuation of another atomic beam B is measured in addition to that of the atomic beam A 1 (x) dx --ne(X) I -nefB(Te(X)) (8) the demerit above can be overcome and Te(x) can be obtained without the knowledge of ne(x). From formulas (2) and (8), we obtain the following formula:
Since the left-hand side of formula (9) can be represented by the term of the photon flux produced by LIF
where Ib( [13] , A1 + e (ion) [14] and Ti + e (ion) [5] .
formula (9) can be modified as follows:
Therefore we can obtain the local electron temperature Te(x) from the value of the ratio of two effective cross sections for electron impact ionization, which is equal to the measured value of the ratio of the attenuations of two beams.
III. SELECTION OF PROBING BEAM SPECIES A. ne Measurement
We may use a neutral Li-beam for this purpose for the following reasons. 1) The cross section for electron impact excitation aex is accurately known 11 1] , and (aexv) is very large and insensitive to Te. The change of (uexv) is of 10 percent at most in the range of 10 to 100 eV (see Fig. 1 ).
2) A tunable dye laser (670.8 nm) for pumping is available.
Because of the two-level system it is easy to get the saturation condition which results in a simple data analysis. In addition to that, only the relative measurement of NeX and NP9 are required because they are observed at the same wavelength (resonance line of Li I, 670.8 nm).
3) The contamination of the plasma by impurity injection is reduced due to the low-Z impurity (Z = 3).
B. Te Measurement
The following characteristics are required for species of two probing neutral beams which are used for this diagnostics:
1) The cross sections for electron impact ionization are known. One of the effective cross sections is sensitive to Te and the other is insensitive to Te.
2) They attenuate suitably in the boundary layer ne(X) -dx -1, for x -5 cm. glected, the values of g1 = 2 and g2 = 2 should be used in formula (7) because the sublevels of the azimuthal quantum number ml = 0 are only excited (on the other hand, g1 = 2 and g2 = 6 in the former case). Besides, the degree of anisotropy of NP' for the latter differs from that of NVX. The use of the unpolarized dye laser light reduces the ambiguity. Secondly, the dye laser spectra consist of many discrete longitudinal modes of which the separation is determined by the length of the laser cavity. This problem can be solved by using a high-intensity dye laser because the dye laser has the effect of a continuous spectrum by the power broadening. In case of the Li resonance line (670.8 nm) and the cavity length of 1 m it can be satisfied within the error of 10 percent with the dye laser of the intensity of saturation parameters S 160 (laser power of 4.4 kW/cm2 A) (17] . If the considerations mentioned above are carried out carefully, the value of NexINfl may be measured within the error of 10 percent. Therefore ne can be determined within an error of about 30 percent. In the case of the Te measurement, there is no restriction related to the Zeeman effect, the polarization of the dye laser light and the saturation condition of the pumping, because the linear relation between Nf'? and Ib is only the necessary condition as seen from formulas (10) and (11) . A problem is that the distribution of the populations among the sublevels of the ground state for Al (or Ti) might change at each radial position due to the different plasma parameters. This might cause an error, because the lowest sublevel is only used for pumping. We estimate, however, that the rearrangement of the population by collisional effects can be neglected for the boundary (3] , [4] , [25] . With this density it is expected that there is no problem for the contamination and the perturbation of plasmas. Fig. 5 shows the behavior of the attenuations for the Li-, Al-, and Ti-atom beams of 5 eV in the scrape-off layer of TEXTOR. The assumption of the plasma parameters is the same as that in Fig. 4 . We see that species of 5 eV are suitable for the observation of the beam attenuation. The schematic diagram of the experimental set-up for TEXTOR is shown in Fig. 6 . Two neutral beams can be produced by shooting a ruby laser from the back of a two component thin target. The two beams may arrive at the scrape-off layer at different times due to the different masses. Two tunable dye lasers for pumping them, will therefore be shot with a delay relative to the ruby laser. The photon signals can be measured with a multichannel detector which is position sensitive. Then, we can determine ne(r) and Te(r) with one shot of each laser. The transmission and the reflectance of the mirrors M1 and M2 should be determined suitably according to the species of two probing beams and the powers of two dye lasers.
The time sequence of the ruby laser and two dye lasers and the expected photon signals are shown in Fig. 7 . It is assumed that the temperature of the two beams Tb is 5 eV and the distance between the target and the observation region I is 60 cm. In the case of a stationary source (hydrodynamic velocity u << thermal velocity vp) of atoms with a Maxwellian velocity distribution, the time-of-flight signal of the atoms at the distance I from the target is given by the following formula [26] for Li is expected to be almost flat during the dye laser duration (-500 ns) for two level case, it can be measured with the sampling time At-100 ns during this condition. The expected signal Sex at r= 53 cm (ne -1 X 1012 cm 3, Te -7 eV) is the following Sex =Nx Vb 4 7hflqAt 100 (photoelectrons) (13) where Vb('l cm3) is the observation volume, 2Q(_ 10-2 rad) the solid angle, nRt(-0.1) the transmission of the optical system, and llq(0.02) the quantum yield of the photomultiplier.
The signal-to-noise ratio S/N= \/SH is 10. The ratio of the expected signals, SexISf, is about 8 at r = 53 cm from formula (7), as g, = 2, g2 = 6, A21 = 3.72 X 10'7 s-, (UexV) 6 .3 X i0-7 cm3 s-I and Vl/Vb -5-. It is assumed that the diameters of the atomic beam and dye laser beam are 5 and 1 cmo, respectively, the magnification of the optical system is unity, the diameter of the optical fibers is 0.5 cmo, the spacing is 1 cm from each other, and all the Zeeman effect components are pumped by the dye laser. This arrangement gives a radial resolution Ar of 0.5 cm for the ne measurement and 1 cm for the Te measurement. The ratio Sex/Sfl can be controlled by changing the size of both beams.
The cross section for electron impact excitation of Al is smaller by a factor of 10_102 than that of Li (also for Ti probably) [27] . As demonstration, the time behavior of Sex for Al and Ti, in which their total fluxes become roughly the same as that for Li, is shown in Fig. 7 VII. CONCLUDING REMARKS From the considerations mentioned above, space-and timeresolved measurements of the plasma parameters, ne(r, t) and Te(r, t) in the boundary layer of tokamaks with this method seem to be possible. The beams of the incident atom density of about I09 cmM3 and the energy of about 5 eV are necessary for the application to tokamaks. This method does not disturb plasmas so much and is also applicable for diagnostics of plasmas of ne 1013 cm-3, Te < 100 eV, and the plasma size -5 cm. For the more accurate determination of Te, the measurements of the partial cross sections f'-' (see Appendix) for electron impact ionization of Al and Ti are desired. Since first walls consisting of TiC (or TiN, etc.) might be used in future tokamaks, there might also be a possibility of in situ measurements using the first wall as two-component target. Fig. 8 shows the comparison between the ionization rate coefficients calculated with the data of the experimental cross sections [12] - [14] and the semiempirical formula of Lotz [18] for Li and Al. For Li, Lotz [19] (data, threshold -30 eV) and Jalin et at. at h-igher energy (data, 100-2000 eV). The use of their cross sections has also been recommended by Bell et al. [29] . For Al the discrepancy betwveen the rate coefficients calculated with the experimental cross section data of Shimon et at. [14] and the semiempirical formula of Lotz [18] is considerably large at higher temperature. Zapesochnyi et at. [21] , pointed out that double ionization under conditions of single collisions is effective for the Al group elements, while it was not considered in Lotz's evaluation [18] .-Therefore we use the effective cross section calculated with the experimental data, as the discrepancy is mainly due to double ionization.
APPENDIX CROSS SECTIONS FOR ELECTRON IMPACT IONIZATION
Since the experimental cross section, however, is a total one (af = SZ ZuZ+, Z: charge state), the use of the total cross section, for which the contribution from double ionization is not small, overestimates the beam attenuation. The effective ionization cross section (Ueff =(~z L#+V)/Ub) which is related to the beam attenuation may be in the middle of the region between the experiment and the semiempilical formula of Lotz. The comparison between the experimental cross section by Shimon et al. and Lotz's cross section is shown in Fig. 9 . If it is assumed that the difference between the experimental cross section and Lotz's cross section normalized to the experimental one should be the cross section for double ionization, the dotted curve corresponds to the sum of the partial ionization cross sections (lz uj7-). The ratio g between the effective ionization cross section for Li and that calculated with the cross section 2z W`s for Al is also shown with the dashed curve for comparison in Fig. 2 .
For Ti, we can find no available experimental data and use Lotz's formula [15] . From Fig. 2 the uncertainty of the cross section data might cause errors of 10 percent for the determination of Te below 20 eV and 40 percent at 50 eV, as the ambiguity for Al (or Ti) is dominant.
